Thus, we investigated nervonic acid production using microorganisms instead of plants. Production of C 24:1 fatty acid by some filamentous fungi and bacteria has been reported. A phytopathogenic filamentous fungus, Macrophomina phaseolina 16.1-48.8 of total cellular fatty acids TFA 9 , and a zoonotic pathogen, Francisella tularensis 11.2-19.3 of TFA 10 , produce C 24:1 fatty acid in large quantities, but these are not suitable for industrial production because of their pathogenicity. Several ruminal fungi 11, 12 have been reported to produce C 24:1 fatty acids, but highlevel anaerobic culture is necessary. Non-pathogenic filamentous fungi, Neurospora crassa 1.6 13 , Phycomyces blakesleanus 2.9 13 , and Mortierella elongata 4.9 14 , also produce C 24:1 fatty acid albeit in small amounts and the position and configuration of the double bond in these fatty acids has not been identified. In this study, we searched for and identified a high-nervonic acid-producing microorganism and investigated its nervonic acid production ability using it.
Fermentative Production of Nervonic Acid by

EXPERIMENTAL 2.1 Materials
Methanol hydrochloride solution 2 N was purchased from Kokusan Chemical Tokyo, Japan . Methyl tridecanoate was purchased from Funakoshi Tokyo . Sterol esters, sterols, 1,3-diacylglycerols 1,3-DAG , 1,2-diacylglycerols 1,2-DAG , and monoacylglycerols MAG used for the identification of lipids were provided by Dr. Toshihiro Nagao Osaka Municipal Technical Research Institute, Osaka, Japan . All reagents were of analytical grade.
Strains
Filamentous fungi that were non-selectively isolated from soil were tested by primary screening. Soil samples were collected in Nara Prefecture Japan . The soil samples were suspended in sterile saline and added to potato dextrose agar PDA, Difco containing rose bengal 30 mg L 1 and chloramphenicol 100 mg L 1 for pre-culture at 25 , and grown filamentous fungal colonies were isolated. In addition, the filamentous fungi provided by the National Institute of Technology and Evaluation NITE, Tokyo were cultured.
In secondary screening, filamentous fungi of Mortierella species were selectively isolated. The soil samples were suspended with sterile saline and added to Sh3A medium 15 3 g of dried, shrimp flakes Sergestes lucens , 15 g of agar, and 1 L of distilled water for pre-culture, and grown Mortierella-like colonies were isolated. In addition, 66 strains screened for Mortierella species were provided by NITE.
Cultivation and fatty acid analysis
The isolated filamentous fungi were inoculated in 5 mL of potato dextrose PD medium in 18 mL test tubes and cultured at 28 with shaking at 140 rpm for 7 days. The culture fluid was centrifuged at 14,400 g for 5 min himac CR-G III, Hitachi Koki, Tokyo . The fungal cells were washed twice with distilled water and freeze-dried.
Dried fungal cells 30 mg were mixed with 3 mL of 2 N methanol hydrochloride solution and heated at 100 for 2 h. The reaction solution was mixed with 1 mL of distilled water and extracted twice with 3 mL of n-hexane. Using methyl tridecanoate as an internal standard, the fatty acid composition was analyzed by GC-MS JMS-K9, JEOL using an HP-5 column Agilent J&W . The column temperature was increased from 120 to 180 at 30 /min, then from 180 to 290 at 10 /min, and retained at 290 for 5 min. Helium was used as the carrier gas at a flow rate of 1 mL/ min. The temperatures of the inlet and the detector were kept at 250 , and the split ratio was 10:1. These fatty acids were identified by the mass spectra of GC peaks.
The position of the double bond in monounsaturated fatty acids was identified by GC-MS after dimethyl disulfide DMDS derivatization. The DMDS derivatives were prepared using the method reported by Shibahara et al. 16 .
The configuration of the double-bond was determined using fourier transform infrared spectroscopy FTIR FT/ IR 8200D, Shimadzu .
Analysis of lipid composition
Total lipids were extracted using the method described by Matyash et al. 17 . Dried fungal cells 100 mg were vortexed with 6 mL of methanol and then added to 20 mL of methyl-tert-butyl ether MTBE . The mixture was stirred with a magnetic stirrer for 1 h at room temperature. The solution was mixed with 5 mL of distilled water and centrifuged at 1000 g for 5 min. The upper phase was collected, and the lower phase was re-extracted with an 8 mL mixture of MTBE: methanol: water/10: 3: 2. 
Regiospecific analysis of fatty acid composition of triacylglycerol
The lipid classes were fractionated by silica gel column chromatography using a mixture of n-hexane: diisopropyl ether: acetic acid/70: 30: 1 v/v/v . Each lipid was converted into its corresponding methyl ester, and the fatty acid composition was analyzed using GC.
The fatty acids at the sn-1,3 and sn-2 positions of triacylglycerol TAG were determined using the method described by Watanabe et al. 18 . A mixture of 50 mg of TAG and 500 mg of ethanol was shaken with 22 mg of immobilized Candida antarctica lipase B Novozym 435 at 30 for 3 h, and the fatty acid at the sn-1,3 position was selectively converted to the corresponding ethyl ester. The pro-duced fatty acid ethyl ester and 2-MAG were purified using a silica gel column, and 2-MAG was converted to the corresponding methyl ester. The compositions of the fatty acid ethyl ester derived from the sn-1,3 position and methyl ester derived from the sn-2 position were analyzed using GC.
Identi cation of high-nervonic acid-producing fungus
The genomic DNA of high-nervonic acid-producing filamentous fungus was extracted according to the method described by Marmur et al. 19 . PCR amplification of partial sequences of 28S rDNA D1/D2 and ITS 5.8S rDNA was carried out using primers reported in studies 20, 21 . The base sequences were determined using ABI PRISM 3130xl Genetic Analyzer System Applied Biosystems . The analyzed base sequences were compared with the GenBank database using BLASTN 22 . A phylogenetic tree was constructed using the Neighbor-joining method in ClustalX 23 with bootstrap values calculated for 1,000 replicates. Filamentous fungi were cultured in potato dextrose agar, 2 Malt agar MA , Bacto Oatmeal Agar OA , and Synthetischer nährstoffarmer agar SNA 24 , and their morphological characteristics were analyzed by observation under light microscope BX51 Olympus .
Optimization of culture conditions
To investigate the effects of the components of medium on the growth of filamentous fungi and their nervonic acid production, 2 types of nitrogen source yeast extract YE , 5 Mycelia were inoculated into 200 mL of each medium in a 500-mL flask, and cultured in a rotary shaker at 140 rpm and 28 for 7 days. The fungal cells were freeze-dried and the weight of the dried fungal cells was measured. Fungal cell fatty acids were converted to methyl ester and nervonic acid production was analyzed using GC-MS.
RESULTS
Screening of high-nervonic acid-producing fungi
Fatty acid composition analysis of the 264 filamentous fungal strains non-selectively isolated in primary screening and 51 provided strains revealed that Mortierella elongata NBRC 8570 produced C 24:1 fatty acid accounting for 1.23 of the total cellular fatty acids, suggesting that filamentous fungi of Mortierella species have a superior C 24:1 fatty acidproducing ability. Thus, filamentous fungi of Mortierella species were selected as the target for secondary screening.
The fatty acid composition of 20 isolates of Mortierella species and the 66 provided strains were analyzed. Most of them produced C 24:1 fatty acid accounting for less than 2 of the total fatty acids, but strain RD000969 isolated from soil in the Kanagawa Prefecture produced C 24:1 fatty acid accounting for 6.94 of the total cellular fatty acids. After conversion to its methyl ester form, C 24:1 fatty acid was subject to DMDS derivatization and then GC-MS analysis. Fragment ion peaks m/z 173 and 301 appeared due to cleavage of the double bond at the n-9 position Fig. 1 . Fig. 1 Mass spectrum of DMDS derivative of C 24:1 fatty acid methyl ester derived from strain RD000969.
FT-IR analysis of C 24:1 fatty acid methyl ester revealed that the trans absorbance band did not appear at 966 cm 1 ;
however, the cis absorbance band appeared at 3,005 cm 1 .
On the basis of these findings, the C 24:1 fatty acid produced by strain RD000969 was identified as nervonic acid. In addition to nervonic acid, strain RD000969 produced a large amount of long-chain monounsaturated fatty acids C 20:1 , C 22:1 , C 26:1 and a small amount of ultra-long-chain fatty acids C 28:1 , C 30:1 , C 32:1 . Odd-numbered chain monounsaturated fatty acids C 17:1 to C 27:1 were also produced.
Even-numbered chain fatty acids except C 16:1 and oddnumbered very-long-chain fatty acids C 23:1 , C 25:1 , C 27:1 possessed a double-bond at the n-9 position, C 16:1 fatty acid possessed a double bond at the n-7 position, and odd-numbered long-chain fatty acids C 17:1 , C 19:1 , C 21:1 possessed a double bond at the n-8 position.
Thus, strain RD000969 was selected as a high-nervonic acid-producing fungus and was examined in further studies. The fatty acid composition of strain RD000969 and GC chromatogram are shown in Table 1 and Fig. 2. 
Analysis of lipid composition and TAG
Total lipids were extracted from strain RD000969 cultured in PD medium, and the lipid composition was analyzed using TLC-FID. Total lipids were comprised of: TAG, 70.7 ; total phospholipids, 21.3 ; sterol esters, 2.58 ; 1,3-DAG, 2.58 ; 1,2-DAG, 0.74 ; free fatty acids, 1.46 ; and other lipids, 0.64 . The lipid classes were fractionated Table 1 Fatty acid composition of strain RD000969. and the fatty acid composition of each fraction was investigated. Nervonic acid was detected only in TAG.
The sn-1,3 position of TAG was selectively converted to ethyl ester, and the fatty acids were analyzed specifically for their localization at the sn-1,3 position Table 2 . Nervonic acid was mostly 98.87 localized at the sn-1,3 position, and minor amounts were found at the sn-2 position. Many polyunsaturated fatty acids PUFA , such as C 18:3 and C 20:4 , presented at the sn-2 position, and C 22 or longer verylong-chain fatty acids tended to be localized at the sn-1,3 position regardless of the level of unsaturation.
Identi cation of strain RD000969
The partial sequences of 28S rDNA D1/D2 and ITS 5.8S rDNA of strain RD000969 were determined and deposited in the GenBank databank Accession No. AB908051, AB908052 . Partial sequences of 28S rDNA D1/D2 and ITS 5.8S rDNA showed 100 homology with the sequences of Mortierella capitata CBS 293.96 Accession No. KC018334, JX976123 . In the phylogenetic tree prepared from the partial 28S rDNA D1/D2 sequences, strain RD000969 belonged to the clade of M. capitata including M. capitata CBS 293.96 Fig. 3 . Strain RD000969 colonies grown in PDA were white with a rosette-like surface Fig. 4 and had a garlic-like odor, which is consistent with the characteristics of Mortierella subgen. Mortierella 25 , but strain RD000969 grown in PDA, MA, OA, and SNA did not form a sporangium or sporagiospore.
3.4 Effects of mineral salts and yeast extract concentration on nervonic acid production Strain RD000969 showed slow rate of growth in PD medium, and only a small number of fungal cells grew. Thus, nitrogen sources, minerals, and vitamins were added to PD medium, and their effects on growth and nervonic acid production were investigated. The addition of casamino acid, CuSO 4 5H 2 O, FeSO 4 7H 2 O, NaCl, KH 2 PO 4 , and MEM Vitamin Solution to the PD medium did not increase growth and nervonic acid production, but the addition of YE, MgSO 4 7H 2 O, and CaCl 2 promoted growth and nervonic acid production. When YE 5 g L 1 was added to PD medium, the dried fungal cell weight increased by 4.3-fold, but the nervonic acid production was only 5.9-fold higher 
DISCUSSION
The genus Mortierella has two subgenera, Mortierella and Micromucor 25 . The subgen. Mortierella produced C 20 PUFA, such as arachidonic acid C 20:4 , n-6 , whereas the subgen. Micromucor produced C 18 PUFA but did not produce C 20 PUFA 26 . Strain RD000969 accumulated C 20:4 fatty acid at a rate of 9.37 of the total cellular fatty acids, suggesting that it belongs to the subgen. ) Mean ± SD.
saturase acting on C 17:0 fatty acid and producing C 17:1 n-8 fatty acid, and the chain extension enzyme acts on this fatty acid and synthesizes C 19:1 n-8 and C 21:1 n-8 fatty acids. On the other hand, odd-numbered very-long-chain monounsaturated fatty acids C 23:1 , C 25:1 and C 27:1 fatty acids possess a double bond at the n-9 position, suggesting that C 23:1 fatty acid was not synthesized from C 21:1 fatty acid by chain extension, and that it was synthesized through another pathway.
In Mortierella alpina 1S-4, ω9 desaturase, which converts C 24:0 and C 26:0 fatty acids to C 24:1 n-9 and C 26:1 n-9 fatty acids, has been identified 28 . It is likely that ω9 desaturase is involved in the synthesis of C 23:1 n-9 fatty acid produced by strain RD000969. In humans, nervonic acid is biosynthesized by the chain extension of oleic acid 29 , but strain RD000969 is likely to biosynthesize nervonic acid by introducing a double bond into C 24:0 fatty acid. Filamentous fungi of Mortierella species including Mortierella alpina have been used for the industrial production of PUFA because of their ability to produce PUFA in large amounts, such as arachidonic acid, eicosapentaenoic acid, γ-linolenic acid, and dihomo-γ-linolenic acid 30 . In contrast, strain RD000969 produced large amounts of longchain monounsaturated fatty acids, such as nervonic acid, which has not been observed in other species of Mortierella. Since strain RD000969 produces more nervonic acid than previously reported nervonic acid-producing filamentous fungi, it is appropriate for production of nervonic acid.
CONCLUSION
We isolated a high-nervonic acid-producing filamentous fungus, M. capitata RD000969. Strain RD000969 produced nervonic acid at a maximum concentration of 186.3 mg L 1 . It also produced rare, very-long-chain monounsaturated fatty acids, which has not been observed in other fungi of the Mortierella species. The nutritional and pharmaceutical use of nervonic acid produced through fermentation by strain RD000969 is expected.
